ABSTRACT: Dendritic cells (DC) process and present antigens to T lymphocytes, inducing potent immune responses when encountered in association with activating signals, such as pathogen-associated molecular patterns. Using the 4T1 murine model of breast cancer, cationic liposomes containing monophosphoryl lipid A (MPL) and interleukin (IL)-12 were administered by intratumoral injection. Combination multivalent presentation of the Toll-like receptor-4 ligand MPL and cytotoxic 1,2-dioleoyl-3-trmethylammonium-propane lipids induced cell death, decreased cellular proliferation, and increased serum levels of IL-1β and tumor necrosis factor (TNF)-α. The addition of recombinant IL-12 further suppressed tumor growth and increased expression of IL-1β, TNF-α, and interferon-γ. IL-12 also increased the percentage of cytolytic T cells, DC, and F4/80 + macrophages in the tumor. While single agent therapy elevated levels of nitric oxide synthase 3-fold above basal levels in the tumor, combination therapy with MPL cationic liposomes and IL-12 stimulated a 7-fold increase, supporting the observed cell cycle arrest (loss of K i -67 expression) and apoptosis (TUNEL positive). In mice bearing dual tumors, the growth of distal, untreated tumors mirrored that of liposome-treated tumors, supporting the presence of a systemic immune response.
■ INTRODUCTION
The goal of cancer immunotherapy is to boost or restore immune function for effective recognition of antigens associated with aberrant cells. The range of immunotherapy approaches is broad and includes antibody therapy, 1 cytokine delivery to stimulate a passive immune response, 2,3 ex vivo stimulation of autologous immune cells that are subsequently administered to a patient, 4 the use of toxic chemotherapy agents for stimulating an immune response, 5 and formulations consisting of antigens combined with alum, emulsions, liposomes, immune stimulating complexes, 6 or polymeric nanoparticles. 7 Beyond protective transport and sustained release of therapeutics, nanoparticles and particulates have intrinsic properties that impact biological outcomes. As an example, the vaccine adjuvant alum, thought to function as a depot for sustained antigen release, induces cytotoxic effects leading to the release of uric acid and recruitment of immune cells to the site of injection. 8 Alum favors T helper 2 (Th2) immune responses, which induce B cells to produce neutralizing antibodies. 9−11 However, effective cancer immunotherapies require Th1 cytokines to arrest tumor growth, specifically IFN-γ and TNF-α. 12 Similar to alum, cationic liposomes have inherent cytotoxicity, inducing cell death and stimulating immune cell infiltration to the site of injection or accumulation. However, in contrast to alum, which relies on surface absorption for binding of substrates, such as MPL, liposomes incorporate MPL into the lipid bilayer. Previously, we reported that MPL liposomes suppress tumor growth in a 4T1 immune competent murine model of breast cancer, unlike an equivalent dose of free MPL. 13 In addition to recruiting and activating immune cells, tumor cell damage caused by the cationic liposomes is proposed to release endogenous tumor antigens, directing the immune response against cancer cells. The large pool of endogenous tumor antigens creates an array of epitopes for immune recognition.The adjuvant effects of cationic liposomes are supported by Yan et al. 14 who demonstrated by microarray mRNA analysis that DOTAP liposomes up-regulate chemokines, including CCL2, CCL3, and CCL4 in dendritic cells (DC). Barnier-Quer et al. 15 demonstrated that incorporation of cholesterol in the bilayer of cationic liposomes enhances their adjuvant effect. We previously demonstrated using porous silicon microparticles that particle presentation of adsorbed MPL (i.e. multivalent presentation) increases particle uptake by DC; elevates DC expression of costimulatory and major histocompatibility complex (MHC) class I and II molecules; increases migration of DC to the draining lymph node; and enhances associations between DCs presenting the ovalbumin peptide SIINFEKL and T cells from OT-1 mice. 16 The goal of this project is to elicit cancer-specific de novo host immune responses through injection of tumors with cationic adjuvant liposomes. We examine the in vivo immunomodulatory properties of liposomes containing MPL and recombinant IL-12 (rIL-12) using an immune competent 4T1 mouse model of breast cancer. The impact of adjuvant liposomes on cell viability and tumor growth are explored, as is the impact of the particles on the cytokine milieu and immune cell phenotype of the tumor.
■ EXPERIMENTAL SECTION Materials. MPL from Salmonella enteric serotype Minnesota RE 595 and cholesterol (Sigma grade ≥99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 1,2-Dipalmitoyl-snglycero-3-phosphocholine (DPPC) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) chloride salt were obtained from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Mouse Novex Cytokine Magnetic 10-Plex ELISA kits were purchased from Invitrogen (Grand Rapids, NY, USA). 4T1-luc2-td Tomato Bioware Ultra Red mouse mammary cancer cells were purchased from Caliper Life Sciences (Hopkinton, MA, USA). Recombinant mouse IL-12 was purchased from R&D Systems, Inc. (Minneapolis, MN, USA).
Animals. BALB/c mice (6−8 wk old) were obtained from Charles River Laboratories, Inc. (Wilmington, MA, USA). All procedures were performed in accordance with protocols reviewed and approved by the Institutional Animal Care and Use Committee at Houston Methodist Research Institute.
Preparation and Characterization of Liposomes. DOTAP liposomes were prepared using a molar ratio of 7:3:1 for DPPC/cholesterol/DOTAP. Lipids (40 mg) were dissolved in a 3 mL chloroform/methanol (3:1) solution, and 250 μg of MPL, dissolved in chloroform at 5 mg/mL, was added. Organic solvent was removed by overnight heating at 55°C in a Hei-Vap Series Heidolph Rotatory Evaporator (Schwabach, Germany). The liposomes were recovered in 2 mL of PBS, followed by heating in a water bath at 52°C for 3 min, then vortexing for 3 min and sonication for 30 s. The heat, vortex, and sonication cycle was repeated 3 times followed either by final sonication for 3 min to get the final liposome product or by extrusion through dual filters (200 nm), 8×, using a 10 mL Thermobarrel Extruder from Northern Lipids, Inc. (Burnaby, B.C., Canada). For liposomes containing cytokine, IL-12 was added to the hydrating PBS at a final concentration of 0.1 mg/mL. Adsorption of IL-12 to the liposomes was determined by quantitating the amount of IL-12 depleted from the solvent after removal of the liposomes by centrifugation using the BD Cytometric Bead Assay for mouse IL-12p70 (San Diego, CA, USA). Size and charge of liposomes were characterized by dynamic light scattering (DLS) and zeta potential analysis using a Malvern Zetasizer (Worcestershire, U.K.). Liposome size and shape were further characterized by atomic force microscopy (AFM) using a Bruker Multimode SPM system (Santa Barbara, CA, USA). AFM images were acquired in PBS in contact mode using MLCT cantilevers purchased from Bruker with a spring constant at 0.01 N/m.
Cytotoxicity Studies. The cytotoxicity of cationic liposomes to 4T1 breast cancer cells was evaluated by flow cytometry using propodium iodide (PI). Using a 24-well plate format, cells were treated with 4 μg of control or MPL liposomes, or free MPL (250 ng) for 24 h. Cells were released using trypsin and treated with PI according to the manufacturer's protocol (Invitrogen). Samples were analyzed using a LSR II Flow Cytometer (BD Biosciences, Mountain View, CA, USA) equipped with FACSDIVA software. 17 In vivo tumor cytotoxicity of cationic liposomes was evaluated in BALB/c mice bearing 200 mm 3 4T1 tumors 24 h following intratumoral injection of liposomes (50 μL; 1 mg of lipid). Excised tumors were embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E) or used for analysis of apoptosis using the DeadEnd Fluorometric TUNEL System (Promega, Madison, WI, USA).
Multiplex Bead ELISA. Serum cytokines were analyzed 5 h after intratumoral injection of liposomes using a mouse cytokine magnetic 10-plex panel kit (Invitrogen, Carlsbad, CA, USA) for the Luminex platform. Following retro-orbital eye bleed, plasma was collected by centrifugation at 1500g for 10 min at 4°C and stored at −80°C. Plates were prepared using 25 μL/well of the antibody-bound bead. After 2 washes, 50 μL serum and 50 μL assay diluent (or 100 μL standard) were added and plates were incubated at room temperature for 2 h on an orbital shaker. After two washes, 100 μL of biotinylated detector antibody was added to the beads, and they were incubated for an additional hour, followed by two more washes and the addition of 100 μL of streptavidin-RPE for 30 min. After a final two washes, beads were suspended in 125 μL of wash solution and inserted into the XY platform of a Luminex MAGPIX Instrument (EMD Millipore, Billerica, MA, USA). The assay protocol was designed using xPONENT software and samples were run at 100 events/bead region.
Immunhistochemistry. Tissues were quick frozen in OCT (Tissue-Tek) and stored at −80°C. Tissue sections (10 μm) were fixed with ice-cold acetone for 15 min at −20°C and washed three times with 1× PBS followed by blocking with 5% fetal bovine serum in PBS. Fluorescence-labeled antibodies [e-flour 615 CD8 (clone 53-6.7; 1:50), e-flour 570 K i -67 (clone solA15; 1:100; eBioscience, San Diego, CA, USA); FITC F4/80 (MCA497A488;1:100); Alexa Fluor 647 CD204 (MCA1322; 1:100, AbD Serotec, Raleigh NC, USA); 33D1 (1:100, BD Biosciences, San Jose, CA; 1:500 secondary antirat IgG Alexa Fluor 546; Invitrogen); and iNOS (6/iNOS/NOS; 1:100 BD Biosciences, San Jose, CA, USA; 1:500 antirabbit IgG-TRITC, Jackson Immunoresearch Laboratories, Inc. West Grove, PA, USA)] were incubated with tissues overnight at 4°C in the presence of 5% FBS. Slides were then washed three times with PBS and mounted with ProLong Gold AntiFade with DAPI (Invitrogen). Images were taken using an A1 Nikon confocal microscope, and the percent positive cells were determined by manual counting of four arbitrary regions in random samples.
Therapeutic Efficacy Studies. Breast cancer tumors were established in BALB/c mice by intramammary injection of 1 × immunohistochemical, weight, and size analysis. Dual tumors were grown in naïve mice using the same experimental conditions with intratumoral injection of particles limited to a single tumor.
■ RESULTS
Characterization of Cationic MPL Liposomes. In order to create localized necrosis for release of tumor antigens and uric acid, we created a cationic liposome embedded with the TLR-4 ligand MPL. MPL favors the release of cytokine signatures supporting tumor regression. Dynamic light scattering ( Figure 1a ) supported an average diameter of 100.3 ± 0.43 and 103.3 ± 1.85 nm for control and MPL-loaded liposomes, with a poly dispersity index of 0.115 ± 0.014 and 0.28 ± 0.01, respectively. To evaluate the heterogeneity of the population, liposomes were bound to an oxidized silicon wafer, with 3D images of the wafers displayed in Figure 1b . The height image of the MPL liposomes (Figure 1c ) supported a disperse population that was uniform in size. A line scan through the height image also supported homogeneity in size (Figure 1d) . The surface potential of the liposomes was approximately 47 mV for both control and MPL liposomes (Figure 1e ). The addition of rIL-12 to the liposomes reduced the surface potential by 7 mV, supporting surface adhesion by rIL-12. Based on detection of unbound IL-12 using a Mouse IL-12p70 Enhanced Sensitivity Flex Set from BD Biosciences (R 2 = 0.987 for standard curve), 34% and 26% of cytokine was in the bound state when introduced to control or MPL containing liposomes, respectively.
Evaluation of Liposome Cytotoxicity. To study particle cytotoxicity, 4T1 cells were cultured with 4 μg/mL liposomes for 24 h, and cell death was measured by flow cytometry based on propodium iodide (PI) uptake. Control and MPL liposomes induced cell death in 93% and 95% of the cells, whereas control and free MPL treated cells displayed 14% and 16% cell death, respectively (n = 3; Figure 2a ). Flow cytometry histograms of the FL2 orange−red channel show a shift in the entire population of liposome-treated cells (Figure 2b) .
The in vivo cytotoxicity of the cationic liposomes was studied in BALB/c 4T1 orthotopic tumors. When the tumor volumes reached 100−200 mm 3 , intratumoral injections with PBS, free MPL, or liposomes were performed. After 24 h, the mice were sacrificed, and tumor tissue was analyzed by H&E and TUNEL staining. In contrast to untreated tumors, clear necrotic regions were visible in mice treated with MPL liposomes (Figure 2c ). While minimal cell death was present in untreated tumors and tumors treated with MPL based on TUNEL staining abundant cell death was present after treatment with both control and MPL liposomes (Figure 2d) .
Therapeutic Efficacy of Cationic Adjuvant Liposomes. To examine the impact of cationic MPL liposomes on breast tumor growth, 4T1 orthotopic breast tumors were established to a size of 100−200 mm 3 . Intratumoral injections of liposomes were performed once a week for 2 weeks. Tumor growth was monitored by caliper measurements and luciferase expression using the IVIS Imaging System 200, and tumor weights were measured at the end of study. Despite inducing localized cell death, control cationic liposomes did not reduce the rate of tumor growth (Figure 3a) . However, the addition of MPL to the liposomes led to a dramatic reduction in tumor growth. Similar to control liposomes, free MPL did not slow tumor growth (Figure 3b ). Bioluminescence imaging of luciferase expression following luciferin injection using the IVIS 200 imaging system supported the caliper data, with MPL liposome treatment blocking tumor progression (Figure 3c ). The mass of excised tumors on day 25 support a significant reduction in tumor growth following treatment of MPL liposomes compared to both PBS and control liposome treated mice (Figure 3d) .
Combination Adjuvant Therapy Increases Blockade of Tumor Growth. To create a microenvironment conducive to cell-mediated immunity our goal was to boost the immune response further by adding rIL-12 to the liposome cocktail. IL-12, produced by macrophages and dendritic cells, stimulates proliferation and activation of cytotoxic CD8 + lymphocytes and NK cells, leading to the production of IFN-γ, and stimulating antigen-specific and nonspecific immune responses.
Combined therapy with liposomal MPL and IL-12 (5 μg) was superior to either agent delivered independently with respect to inhibiting tumor growth. While control liposome treated tumors were similar in size to tumors in untreated animals, those treated with combination adjuvant were unchanged from the start of treatment based on caliper measurements (Figure 4a , n = 5/group) and were undetectable in some animals by bioluminescence (Figure 4b ). An image of three randomly selected tumors from each group is presented in Figure 4c with the mean tumor weight and standard deviation of all animals in each group presented in Figure 4d . Serum cytokine measurements following single or combination therapy supported increases in IL-1β, IL-12, and TNF-α by all groups treated with adjuvant therapy, with a significant enhancement by combination over single agent therapy (Figure 4e ). Only mice treated with IL-12 displayed an increase in serum IFN-γ.
Changes in the Cellular Phenotype of the Tumor Microenvironment. To study phenotypic changes and impact on cell growth in the tumor microenvironment following treatment with adjuvant particles, we analyzed tissue sections by immunofluorescence (Figure 5a,b) . Cellular proliferation, based on K i -67 expression, was similar for control and liposome treated animals (40%). However, the addition of MPL to the liposomes or injection with rIL-12 or MPL-IL-12-liposomes blocked proliferation (5−10%). The presence of CD8+ T cells in the tumor was negligible in control and liposome-treated mice (0.8%), as were F4/80 (7%) and iNOS (8%) expressing macrophages. Treatment with MPL-IL-12-liposomes led to significant increases in each of these populations (28%, 36%, and 54% for CD8+ T cells, F4/80, and iNOS macrophages), as well as in 33D1+ dendritic cells. The percentage of CD204 macrophages were not significantly altered in the tumors of mice treated with adjuvant liposomes. In conclusion, MPL-IL-12-liposomes augment infiltration of cytotoxic T cells and immune potentiating immune cells, and reduce proliferation of cells within the tumor.
Single Tumor Therapy in the Presence of Dual Tumors. MPL-IL-12-liposome therapy was administered to mice by intratumoral injection to induce cell death, block proliferation, and stimulate a cytokine and cellular milieu conducive to anticancer immunity. Since the presence of proinflammatory cytokines increased in the serum of treated mice, we sought to further document the presence of systemic anticancer immunity. Growth of distal, untreated tumors in mice receiving single tumor therapy was evaluated by caliper measurements of tumor volume (Figure 6a 
■ DISCUSSION
While the addition of MPL to cationic liposomes did not alter the surface potential of the nanoparticles, the addition of IL-12 caused a 7 mV reduction in the zeta potential, supporting surface presentation of the cytokine. The advantage of nanoparticlebased presentation of IL-12 is reduction in serum levels, avoiding exposure to cytotoxic levels and permitting a more sustained, localized release. 18 The efficacy of using liposomal nanocarriers to reduce drug toxicity while enhancing immunity has also been demonstrated for other agents, such as amphotericin B in the fight against murine leishmaniasis.
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While both control and MPL liposomes were toxic to cancer cells as anticipated, injection of MPL liposomes, unlike control liposomes, reduced cellular proliferation in tumors. The decrease in proliferation may be attributed to increases in enzymes, such as iNOS, which was significantly upregulated in tumors following injection with MPL liposomes. Activation of APC with pathogens or pathogen-specific molecules (e.g., MPL) activates pathogen recognition receptors (PRRs), leading to release of effector molecules such as nitric oxide (NO) synthase (iNOS). NO has been shown to favor cell cycle arrest, mitochondria respiration, senescence, or apoptosis. 20 While resting immune cells lack expression of iNOS enzyme, TLR engagement with CD14-LPS (or MPL) complex activates intracellular signaling, which includes IRAK and MyD88 adaptors, leading to iNOS transcription. 21 Herein we demonstrate that MPL liposomes and IL-12 induce small increases in iNOS expression (3-fold), while combination therapy with IL-12 and MPL liposomes synergistically increase iNOS expression (7-fold).
In addition to releasing tumor antigen complexes, dying cancer cells release uric acid and lysosomal enzymes. These cellular components, as well as MPL, activate the Nod-like receptor protein 3 (NLRP3) inflammasome. 22 24 We previously demonstrated that porous silicon particle-based presentation of MPL in mice bearing 4T1 tumors augments its ability to increase serum IL-1β levels, as well as other pro-inflammatory cytokines including IL-12, TNF-α, and IFN-γ. 16 In this study, MPL liposomes similarly increased serum levels of IL-1β, IL-12, and TNF-α. The addition of IL-12 lead to significantly greater increases in each of these cytokines and stimulated production of INF-γ.
Cytokine patterns elicited by activated T cells favor either cell-mediated immunity (i.e., T helper (Th)-1 biased), characterized by IFN-γ, IL-2 , and TNF-α, or humoral immunity (Th-2 biased), characterized by secretion of IL-4, IL-5, IL-6, and IL-10. IL-12 has potent antitumor effects and has been shown to direct immune reactions from Th-2 to Th-1. 25, 26 As stated, IL-12 enhanced production of Th-1 cytokines and increased cytolytic T cells, DC, and F4/80 + macrophages, as well as iNOS. Intratumoral administration of combination IL-12 and MPL liposomes completely blocked 4T1 tumor growth. Combination liposomal therapy was able to induce similar reductions in tumor growth in both treated and distal tumors, suggesting a systemic immune response. Future studies will seek to differentiate specific antitumor immune responses from those resulting from general immune activation (e.g., cancer cell death due to TNF-α) and will seek to optimize particle-based accumulation of cytokines in the tumor, with an emphasis on studying dose effects and controlled, sustained presentation of cytokines for an optimal anticancer response with minimal cytotoxicity.
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